Background: Since aortic diameter is the most significant risk factor for rupture, we sought to identify stress-dependent changes in gene expression to illuminate novel molecular processes in aneurysm rupture. Materials and Methods: We constructed finite element maps of abdominal computerized tomography scans (CTs) of seven abdominal aortic aneurysm (AAA) patients to map wall stress. Paired biopsies from high-and low-stress areas were collected at surgery using vascular landmarks as coordinates. Differential gene expression was evaluated by Illumina Array analysis, using the whole genome DNA-mediated, annealing, selection, extension, and ligation (DASL) gene chip (n = 3 paired samples). 
Introduction
Abdominal aortic aneurysm (AAA) is a chronic degenerative vascular disease affecting 5-6% of males and 1-2% of females over 65 years of age [1] . Aneurysmal lesions commonly manifest as focal dilatations of the aorta, increasing in diameter over time, ultimately resulting in aortic rupture, when the strength of the vessel wall fails to withstand blood pressure.
What we currently know about the pathological development of AAA is derived from analysis of endstage human biopsies [2] [3] [4] [5] , consideration of risk factors [6] , genome-wide association studies, and investigating the mechanisms involved in various experimental models of AAA [7] .
Initiation is likely to begin with an inflammatory response resulting in activation of matrix-destabilizing metalloproteinases, leading to elastin degradation and vascular remodeling [8] [9] [10] . Further expansion is accompanied by subsequent development of luminal thrombus resulting in mural ischemia leading to the production of factors known to induce neovascularization and thus, exacerbation of the inflammatory process [11] . Rarefaction of medial smooth muscle cells (SMC), the result of combined loss from induction of apoptotic cell death and reduction of proliferative expansion, contributes to the production of a cell-poor, matrix-rich vascular lesion that is noncompliant and structurally compromised. Homeostatic mechanisms of repair counter the disease progression, and an increase in the numbers of circulating endothelial progenitor cells has been documented. However, the reparative capacity of such cells is questionable.
Aside from the relationship between maximal aneurismal diameter and risk of rupture, we have few facts that inform our knowledge of the precise mechanism of rupture, currently the 13 th most common cause of sudden death in the world [12] . In previously published work, we identified the differential expression and pathological features of aneurysm rupture, by comparing tissue biopsies taken proximal to the rupture site to biopsies collected distal to the rupture. Our data suggested that medial neovascularization preceded rupture and that this local increase in small vessels potentially weakened the vessel wall, leading to rupture [13] . To gain a further understanding of the biological changes occurring in the vessel wall prior to rupture, this study aims to identify stressdependent modulation in gene expression.
Methods

Patients
The collection of paired AAA biopsies were carried out prospectively and conducted according to the principles of the declaration of Helsinki and approved by the local ethics committee ( Control samples were obtained from patients undergoing left hemi-colectomy for benign colonic pathology (confirmed by histology). The site of IMV harvesting and specimen size was consistent across both groups. AAA patients were excluded if they had inflammatory AAA, known malignancy, active colitis, or had a previous hemi-colectomy. Control patients were excluded if they had active inflammatory processes, were on current steroid therapy, prior chemotherapy, or an AAA visible on preoperative imaging. Written informed consent was obtained from all patients and consent forms received local ethics committee approval (ref 08/H0803/210). IMV samples were obtained from the colonic mesentery, irrigated with saline, and stripped of accessory connective tissue. Samples were immediately snap-frozen in liquid nitrogen and stored at -80 o C until protein analysis.
Biopsy Localization and Sample Harvest
Full thickness biopsies were obtained during elective open repair. Coordinates of regions of highest and lowest wall stress were identified on the Finite Element Analysis (FEA) model by measuring the distance and clock position on the finite element mesh from the proximal starting point (the level of the first CT slice imported into the FEA software). Measurement was performed by using the distance measurement tool in the FEA software interface. A detailed, 3D reconstruction image of the aorta including the major visceral branches was performed (3mensio 3D imaging workstation, 3mensio Medical Imaging B.V., Bilthoven, The Netherlands). The coordinates of regions of interest were localized according to the distance from adjacent visceral branches as determined from the FEA software. Intraoperatively, high and low wall stress regions were marked (according to the above distance) on the aneurysm surface before aortic clamping. Full thickness biopsies were obtained from the marked regions once the sac was opened. The samples were washed in saline to remove any attached intraluminal thrombus (ILT). Mechanical scrapping of ILT was avoided and not necessary as washing was sufficient to remove adjacent ILT as confirmed by microscopic examination. The proximity of areas of high wall stress in relation to maximal aortic diameter (MAD) was assessed visually by inspecting wall stress maps and corresponding computed tomography images.
by Quantitative Real-Time (QRT)-PCR using TaqMan probes ( Assays-on-Demand™ Gene Expression Products, Applied Biosystems, UK), with the carboxyfluorescein fluorescent dye 6-FAM as the 5'-fluorophore and nonfluorescent quencher (NFQ) at the 3'-end of the probe. QRT-PCR reaction mixtures for each sample were 50 µl, containing 25 µl of 2× TaqMan Universal Master Mix (without AmpErase ® UNG), 22.5 µl cDNA template, and 2.5 µl of 20× target assay mix. Each sample was run in triplicate and for all reactions, negative controls were run with no template present. In addition, total RNA from patient samples was used for sham reverse transcription reactions with no reverse transcriptase present and then subjected to standard PCR using 18S rRNA primers to verify that no amplification was produced. QRT-PCR was carried out using an Mx4000 Multiplex Quantitative PCR System. The PCR cycle started with an initial 10 min denaturation step at 95°C, followed by 40 cycles of shuttle heating at 95°C for 15 s and 60°C for 1 min. The associated Mx4000 software was used to analyze the data and determine the threshold count (Ct). Ct was determined for the target genes and 18S rRNA. 18S rRNA was chosen as the endogenous control to which we normalized our specimens. Preliminary validation experiments verified that the efficiencies of target gene amplification and the efficiency of the mean value of transferrin receptor and TATA box-binding protein rRNA amplification to be approximately equal; therefore, we validated that the target gene:mean endogenous control rRNA ratio could be calculated using the ΔCt method. For each sample, Ct target gene and Ct mean endogenous control rRNA were determined, and ΔCt = Ct target gene -Ct mean endogenous rRNA . The relative level of the target gene normalized to transferrin receptor and TATA box-binding protein was determined by calculating 2 -∆C t.
Western Blotting
Total cell lysates (30 µg protein) were separated on an SDS-PAGE (10-12% running gel, 4% stacking gel. Bio-Rad, Herts, UK). Protein was then transferred to PVDF membrane (Millipore, Watford, UK). Blocking was performed overnight at 4°C in Tris-buffered saline (TBS) plus 5% non-fat dry milk. Blots were incubated with primary antibodies as follows: Lamin A/C (Cell Signaling, clone 4C11 at 1:1000) and Lamin A ( Santa Cruz Biotech, clone C20 at 1:500) overnight at 4°C in TBS with 0.05% Tween-20 and 5% non-fat dried milk followed by incubation with HRP-conjugated secondary antibody (1:2000) (New England Biolabs, Herts, UK) for 45 minutes. Immunodetection was accomplished using chemiluminescence (Super Signal-HRP, Pierce Chemical Corp., Chester, UK). Detected bands were scanned on a calibrated densitometer (GS-800, Bio-Rad, Herts, UK) and quantified using Quantity One image analysis software (Bio-Rad). The densitometry of each band was normalized to the abundance of β-actin (ab8227, Abcam, Cambridge, UK) or β-tubulin (ab21057, Abcam, Cambridge, UK) staining using Image J (NIH) software.
Stretch Experiments with Human Aortic Smooth Muscle Cells
Early passages (2-3) human aortic smooth muscle cells (AoSMC) (PromoCell, Heidelberg Germany) were plated in
Finite Element Analysis
FEA is a computational modelling technique used by the engineering industry to simulate wall stress distribution in complex structures. This method has recently been used to predict the risk of rupture in individual AAAs in experimental studies. FEA takes into account detailed aneurysm morphology, hemodynamic forces, and mechanical properties of the AAA to determine the mechanical stress distribution. A detailed 3D model of each AAA is constructed from preoperative computed tomography (CT) imaging to provide a wall stress map that is unique for each patient [14] . Since arterial walls exhibit nonlinear behavior and undergo large strains, a finite strain constitutive equation based on the model derived by Raghavan and Vorp [15] specifically suited for AAA wall was used. Multi-component wall models were built to include the aortic wall and ILT. Appropriate material properties for each component were used. Finite element analyses were performed using ADINA (ADINA R&D Inc., Watertown, Massachusetts, USA) to determine patterns and values of wall stress within the affected aorta.
Gene Array Analysis
Tissue biopsies for RNA isolation were transported from the theatre in RNA-stabilizing solution (Ambion, Inc., UK) and processed immediately for total RNA isolation using an RNeasy Mini Fibrous Kit (Qiagen, UK) according to the manufacturer's recommendations. Briefly, 50 mg of tissue is ground to a fine powder in liquid nitrogen, and the powder then homogenized with lysis buffer using a rotor homogenizer (IKA, Werke GmbH, Germany). The concentration and purity of each sample (ng/µl) was determined by NanoDrop™ ND-3300 (Thermo Scientific, UK) and Agilent BioAnalyser, Agilent Technologies, UK), respectively.
The gene expression of these samples were carried out at The Genome Centre, Queen Mary, University of London using the whole-genome complementary DNA-mediated, annealing, selection, extension, and ligation (DASL) array Human Ref-8 vs. 3.0 Bead Chips (Illumina, San Diego, CA, USA). This chip includes 24,526 probes targeting 18,401 genes. In brief, total RNA was converted into cDNA using the biotinylated random nonamers, oligo-deoxythymidine 18 primers, and Illumina-supplied reagents, according to the manufacturer's protocol. The biotinylated cDNA was then annealed to assay oligonucleotides and bound to streptavidin-conjugated paramagnetic materials to select RNA at 55°C for 18 hours to the array, followed by washing and staining with streptavidin and conjugation to cyanin 3. Post-hybridization, the chips were scanned using the BeadArray™ Reader system (Illumina, UK). Gene expression data were normalized using quantile normalization and log-transformed. Statistical analysis and hierarchical clustering were performed using the Genespring GX 9 (Agilent Technologies, UK).
Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)
LMNA expression was validated by QRT-PCR using TaqMan™ Gene expression Assays on Demand (Applied Biosystems, UK) and the Mx4000 Multiplex Quantitative PCR System (Stratagene, UK). The mRNA levels of LMNA was determined between wall thickness (in both high and low stress regions) and maximal aortic diameter (r = 0.2, r = 0.6), respectively.
Gene Array Analysis Identifies Lamin A/C as the Most Significant Stress-Dependent Candidate Gene
Three of the seven paired biopsies provided RNA isolates of sufficient quality (RIN >9) to proceed to gene array analysis. A total of 125 genes (71 upregulated and 54 downregulated) had a greater than 2-fold difference of expression (p < 0.05) in the high wall stress biopsy compared to the low wall-stress biopsy (see Supplementary Table 1 ). Supplementary Table 2 shows the gene ontology processes associated with the genes identified. However, when the BenjaminiHochberg multiple testing correction was applied to these data, only Lamin A/C was the sole candidate which was differentially expressed (2.1-fold change, n = 3, p = 0.02). Differential gene expression was validated using QRT-PCR using the transferrin receptor and TATA-box binding protein as reference genes (2.83-fold change, n = 3, p < 0.05).
Lamin A/C Protein is Significantly Increased in Regions of High Walls Stress
To establish if the differential expression of Lamin A/C was reiterated at the protein level, we analyzed relative protein abundance by western blotting. We found a two-fold induction of Lamin A/C protein (0.99 ± 0.28 vs. 1.88 ± 0.72, n=3, p < 0.05) in aortic biopsies from regions of high wall stress compared to low wall stress (Figure 2 ). Western blotting data of Lamin A/C for each of the three samples is included in the panel below the histogram.
Lamin A/C Protein Concentration is Not Elevated In Non-Aneurysmal Vascular Beds of AAA Patients
Accruing evidence supports the idea that early aneurismal changes can also be manifest in vascular beds without signs of dilatation. Analysis of non-aneurysmal vessels from AAA patients allow us to explore the question as to whether elevation of Lamin A/C expression represents an early systemic event. We measured the protein abundance in the IMV of AAA patients removed following surgery for other conditions and compared the level of completed growth medium (PromoCell, Heidelberg, Germany) on six-well Bioflex plates coated with collagen Type I (Flexcell International Corporation, NC, USA). Confluent AoSMC were then subjected to no stretch or cyclic sine wave stretch stress using stretch equipment [Flexcell FX-5000T Compression System (Dunn Labortechnik, Ashbach, Germany)] at 37 o C and 5% CO 2 for different periods of time up to 20 h. Following stretch stress, cells were allowed to relax for 20 h, and soluble proteins were isolated at times (as indicated). Lamin A/C and Prelamin protein expression was measured by western blotting using antibodies of interest. Actin was used as a loading control. Data are the mean ± SD (n = 3 independent experiments at each data point, p* < 0.05).
Statistical Analysis
Data are presented as mean ± SD, unless otherwise stated. Analysis of western blot data was by one-way ANOVA followed by a Bonferronni's post-hoc test for multiple comparisons. The Benjamini-Hochberg post-hoc test for multiple measures was applied to the differential gene expression data following normalization. Wall thickness was recorded as median and interquartile ranges. Correlation between variables was performed using Spearman's correlation. Significance was identified as a p value of less than 0.05. Statistical analysis was performed using GraphPad Prism, version 4.0.
Results
Regions of High Stress Correlate with Thinning of the Aortic Wall
Patient-specific wall stress computation was performed on ten patients. It was not possible to obtain paired biopsies from three patients (posterior location in one, near proximal graft anastamosis in two). Seven paired samples were obtained (five males and two females) from regions of highest and lowest wall stress (Figure 1) . The seven patients used in this study were all prescribed HMG CoA reductase inhibitor drugs and anti-hypertensive treatments. They were all well nourished, but none were clinically obese. Measurement of seven paired biopsies showed that regions of high wall stress had an approximately twofold reduction in full wall thickness. The seven patients biopsied had a mean age of 66 (60-82 years) and a median maximal aortic diameter of 60 (51-70 mm).
We found that the median and interquartile range (IQR) for wall thickness from areas of low wall stress were 1620 (962-2912 µm) thick, compared to 778 (585-1120 µm) in regions of high wall stress. No obviously thickened atheromatous plaques were encountered during measurement. No correlation was found expression to IMV from control patients without AAA. Figure 3 shows no significant difference between the abundance of Lamin A/C from IMV of patients with AAA compared to controls (3.32 ± 2.17 vs. 3.94 ± 1.12, n = 16, p = NSD).
Physiological Pulsatile Stretch of SMC in Culture Induces a Time-Dependent Elevation of Lamin A/C and Prelamin A Expression
Since SMC of the normal human vasculature are subjected to constant pulsatile stretch, we explored whether expression of Lamin A/C could be influenced by pulsatile stretch in vitro. We seeded SMC onto Flexcell™ plates, and once the cells had reached confluence, the complete growth medium was changed and the cultures subjected to pulsatile stretch at 15% elongation, 1 Hz for 20 hours, followed by 20-hours relaxation. Figure  4 shows western blotting data from protein lysates prepared at indicated times, confirming that the expression of [A] Lamin A/C and [B] Prelamin A steadily increased, reaching a peak at 24 hours after the start of the experiment (approximately five-fold higher than basal levels), 4 hours following the beginning of relaxation. Following a 20-hour period of relaxation, Lamin A/C expression was down to normal resting state and the Prelamin A remained significantly elevated (approximately 3-fold increased) at this time (n = 3, *p < 0.05, **p < 0.01).
Discussion
A number of human aneurysm gene expression profile arrays have previously been reported [16] [17] [18] [19] and analysis of paired biopsies, using the presence or absence of thrombus over the aneurysmal wall as a discriminator, identified MMP-1, -7, -9, and -12 as being differentially expressed [20] . However, this is the first time that wall stress has been used to discriminate paired biopsies for gene expression profiling. Identification of stress-dependent expression of Lamin A/C in AAA represents the first time that attention has been drawn to the nuclear lamina in this degenerative vascular pathology.
Differential gene array analyses notoriously reveal many divergent candidate genes. Since following rigorous statistical adjustment for multiple measures, Lamin A/C was revealed as our sole candidate, it is most likely that either our selection criteria were overly stringent, or we have too small a sample. If the Benjamini-Hochberg post-hoc test for multiple comparison is not applied to the array data, reducing the level of statistical stringency, a broad register of differential genes is generated (see Supplementary Table 3 ). Using a two-fold change as a cut-off and a p value less than 0.005 we identify the expression of seventy one genes which are induced and fifty four reduced. This gene array represents molecules that play a role in the immune response, regulation of cell growth, gene expression, angiogenesis, cell matrix synthesis, degradation, and inflammation. Two other candidates have been shown to have a particular relevance to aneurysm biology: ADAMTS2, an extracellular matrix protease known to be involved in Ehlers-Danlos syndrome [21] , and also identified as having a role in arterial (1) were converted into 3D reconstructions (2) and the Diacom™ files analyzed by FEA (3) to provide a three dimensional stress distribution of the AAA. Red color corresponds to highest wall stress whilst blue for lowest wall stress. The FEA were then overlaid onto the 3D CT in the theatre, and the biopsies harvested (4). Of 11 patients recruited, seven paired biopsies were harvested for analysis. In four patients one or other of the biopsy sites were not in an accessible location. AAA = abdominal aortic aneurysm; FEA = finite element analysis.
The identification of Lamin A/C as a stress-induced candidate gene is consistent with several aspects of the pathobiology of this disease. Lamins form a thin (20 nm) intermediate filament meshwork which lines the nucleoplasmic face of the nuclear envelope (NE). tortuosity syndrome [22] ; and prostaglandin E2 receptor, previously shown to have a role in aneurysm biology [23] and recently reintroduced as a potential therapeutic candidate for use in cardiovascular inflammation. [41] , and dilated cardiomyopathy [42] , Charcot-Marie-Tooth disease Type 1 [43] , Dunnigan-type familial partial lipodystrophy [44] , mandibuloacral dysplasia [45] , and restrictive dermopathy [46] . A number of the clinical features of these diseased phenotypes are suggestive of accelerated aging, and studies in vitro have shown that overexpression of mutant and wild-type Lamin A accelerates telomere shortening and replicative senescence [47] . We and others have shown that there is an elevated number of circulating progenitor cells and that the telomeres of such cells are shorter in comparison to age matched controls, suggesting that AAAs represent focal lesions of accelerated aging [48, 49] . This being so, the demonstration of focal induction of Lamin A/C expression warrants investigative consideration as a potential player in generating these chronic degenerative vascular lesions.
40] or atypical Werner's Syndrome
Apoptosis, programmed cell death, plays a fundamental role in aneurysm development [50] . In a recent study where aneurysm formation was perturbed by elevation of plasma high-density lipoprotein concentration, we show that site-specific apoptosis was inhibited [51] . In cells programmed to die, the caspase-dependent degradation of Lamins has been recognized as a prelude to nuclear destruction [52] . Recent work suggests that not only is Lamin degradation a feature of apoptosis but that failure to correctly assemble nuclear lamina is a trigger for apoptosis [53] . The overexpression of Lamin A/C that we observe in the high wall-stress regions of AAA may represent a mechanism to counter apoptotic induction, but further work is needed to support this idea.
The predominant weakness of these experiments is the small number of paired biopsies available for analysis. With an increase in application of endovascular repair, the numbers of elective open repair are reduced. To address this issue, we are archiving additional material over a longer period of time for further studies.
We have identified an increase in Lamin A/C protein expression as a wall stress-dependent change observed in AAAs. Since these changes are not observed in non-aneurysmal vascular beds of AAA patients, it is most likely to be a compensatory response to the accelerated ageing process that is characteristic of The nuclear lamina is associated with the inner NE and the underlying chromatin and also provides an anchoring point for the nuclear pore complex. In mammalian somatic cells, Lamins A and C (Lamin A/C) are generated by differential splicing of a single gene (LMNA). These products differ by virtue of a unique C-terminal extension, 99 amino acids for Lamin A and 6 for Lamin C [24] . Lamin A goes through multiple steps of post-translational processing at its C-terminal CaaX motif, involving 3-4 enzymes. First, a farnesyl moiety is added to cysteine by farnesyl transferase 1. The cleavage of the last three amino acids (aaXing) by either Rce1 or ZmpSte2 occurs. Then, the C-terminal cysteine is carboxymethylated by isoprenylcysteine carboxymethyltransferase, resulting in carboxymethylated Prelamin A. Within 90 minutes of synthesis, ZmpSte24 cleaves Prelamin A (74 kDa), 14 amino acids upstream of the C-terminus, resulting in mature Lamin A (72 kDa) [25] [26] [27] [28] [29] [30] .
Mechanotransduction, the phenomenon by which cells respond to applied force, is critical to several physiological and pathological processes [31] . The exact mechanisms which govern how forces can influence biological processes have not been determined, but putative direct force effects on the genome must require transduction through the nuclear lamina. Lamins not only provide a nuclear scaffold of intermediate filaments important in mechanotransduction but are also found in the nucleoplasm, being part of the intranuclear reticulum, thought to play an important role in the maintenance of nuclear structural integrity, in DNA replication, transcriptional regulation, and apoptosis [32] [33] [34] . Expression and accumulation of a mutant form of Lamin A associated with Hutchinson-Gilford Progeric Syndrome (HGPS) (Lamin A D50) causes changes in the nuclear lamina network organization [35] and an increase in the accumulation of Prelamin and nuclear stiffness [36] with implications for mechanisms of normal ageing and atherosclerotic vascular changes. Recent studies have demonstrated that accumulation of Prelamin accelerates normal smooth muscle cell aging [37] .
Mutation in the LMNA gene have been responsible for at least nine classes of disorders, collectively called laminopathies, including muscular dystrophies Emery-Dreifuss and limb-girdle muscular dystrophy, Type 1B [38] , in accelerated aging, HGPS [39, of Lamin A/C in vitro will facilitate more molecular analyses in the future. ysis presented in this study. This work was supported by an EU FP7-HEALTH integrated project grant (Fighting Aneurysmal Disease), agreement number 200467. AM was the recipient of a Royal College of Surgeons Fellowship.
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aneurysm pathobiology. The reason that induction of expression of Lamin A/C may be desirable and represent a homeostatic mechanism to counter the degenerative progression of the vessel may relate to the ability of Lamin A/C to protect chromatin structure and prevent apoptosis. Although it will be challenging to develop Lamin A/C as a molecule of any clinical use in the management/or treatment of AAA, our findings support the validity of this experimental design as a means of further discovery. Larger numbers of patients are required to allow us to gain a significant number of good quality paired samples for similar analysis. However, since aneurysms share common features of biology with advanced aging, and treatment with farnesyltransferase inhibitors has the potential to perturb this process in vitro and in vivo [54, 55] , these drugs may provide an interesting new therapeutic strategy for management of AAA growth. Further investigation of target genes, such as Lamin A/C, that impact on mechanotransduction may have importance in thoracic aortic aneurysms, since although the etiology of these pathologies differs from abdominal aortic aneurysms the role of mechanodysfunction on molecular changes in cell biology may be similar [56] [57] [58] . Such ideas warrant further investigation. The ability to mimic induction Highly significant genes appear in bold.
Supplementry Table 3 . Gene Ontology for candidate genes identified as differentially expressed in response to high wall stress. 
Count 1 % Genes with increased expression
